SrRuO 3 films and SrRuO 3 /SrTiO 3 superlattices grown on SrTiO 3 (001) were studied by structural, magnetic, magnetoresistance and Hall effect measurements. The superlattices showed heteroepitaxial growth with coherent interfaces and a Ru/Ti diffusion region of 1-1.5 unit cells. The resistivity had metallic character above a critical thickness of 3-4 unit cells, becoming insulating below. There was no hint of conduction processes along the interfaces. Both magnetization and magnetoresistance measurements showed an increase of the magnetic anisotropy, consistent with magnetostriction effects. The magnetostriction coefficient was estimated as λ 100 ∼ 1.4 × 10 −4 . Three unit cell thick SrRuO 3 layers in SrRuO 3 /SrTiO 3 superlattices were found to have tetragonal crystal symmetry, as deduced from the sign change of the anomalous Hall constant.
Introduction
At the interface between two complex oxides charge carriers may be confined leading to the emergence of strong correlation and collective effects. In the system SrTiO 3 /LaAlO 3 superconducting [1] and ferromagnetic [2] phases were observed and even the coexistence of these two phases was reported [3] [4] [5] [6] . The mechanism leading to ferromagnetism in this 2D system [7, 8] has not yet been clarified. From an experimental point of view, there is an ongoing debate as to whether the SrTiO 3 /LaAlO 3 interface is a valid model system for the test of fundamental theories, since the interface between the constituents is not sharp, and might be affected by intermixing [9] . Looking for other oxide systems, the occurrence of a highly confined, two-dimensional electron gas at the SrTiO 3 /SrRuO 3 interface was theoretically predicted [10, 11] . This is of high interest, because this electron gas was predicted to be half-metallic, inheriting its ferromagnetic order from the 4d states of the Ru 4+ ions. A verification of this prediction and an analysis of electronic data would have the potential to clarify the role of the 4d-derived Ru bands and the 3d-derived Ti bands in the magnetic order of these systems. First experimental evidence has indicated the presence of a ferromagnetic state in SrRuO 3 /SrTiO 3 superlattices with a layer thickness of one unit cell [12] . This is surprising, since data on ultrathin SrRuO 3 films grown on SrTiO 3 showed a strong suppression of the magnetic moment below a layer thickness of 4 ML and indications of the appearance of an interfacial antiferromagnetic layer [13] . The reason underlying this reconstructed ferromagnetic order is not clear at present. It might be due to a suppressed magnetic moment at the interfacial Ru site, but also due to an induced magnetic moment on the Ti site that interacts with the Ru moment via the exchange interaction along the Ru-O-Ti bond. Indeed, studies of the SrRuO 3 /SrMnO 3 interface showed a related effect, namely the presence of exchange biasing [14, 15] [17, 18] . In this work we have studied the structural, magnetic and transport properties of thin SrRuO 3 films as well as SrRuO 3 /SrTiO 3 superlattices grown on SrTiO 3 (001). The structural studies were focused on an exploration of the sharpness of the SrRuO 3 /SrTiO 3 interface as a prerequisite for the observation of interfacial magnetic and transport effects. With magnetic and transport measurements we tried to elucidate the emergence of an interfacial ferromagnetic state.
Experimental details
SrRuO 3 (SRO) films and SrRuO 3 /SrTiO 3 superlattices (SLs) were fabricated by pulsed laser deposition from stoichiometric polycrystalline targets. Vicinal SrTiO 3 (STO) (001) substrates with a small miscut angle of about 0.1 • , uniform TiO 2 -termination and a terrace morphology with typically 150-400 nm terrace width were used. The substrate was heated to 650 • C and the partial pressure of oxygen was 0.14 mbar. The samples studied in this work are listed in table 1 with respective layer thicknesses. Samples are either denoted by the film thickness or by the individual layer thicknesses, both specified by the number of unit cells (uc) of the pseudocubic lattice.
The microstructure of the SLs was investigated by high angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) in a TITAN 80-300 FEI microscope; energy dispersive x-ray spectroscopy (EDX) was performed, in order to probe the atomic structure of the interfaces and to check for chemical intermixing. TEM measurements were carried out in a transmission electron microscope of type CM20T (Philips) working with a primary electron energy of 200 keV. AFM measurements were made with a Veeco DI5000, x-ray diffractometry was made with a Philips X'Pert system; the bilayer thickness t b and the average lattice constant a of the superlattices were determined from an analysis of the superlattice reflections and are listed in table 1. Resistance and Hall effect measurements were made with a standard four-point probe technique in van der Pauw configuration. The longitudinal and Hall resistivity were calculated taking into account the thickness of the conducting SRO layers only.
Magnetization measurements were performed in a SQUID magnetometer. After subtraction of the diamagnetic magnetization contribution all samples showed a ferromagnetic hysteresis loop, even above the Curie temperature of SrRuO 3 . This is consistent with magnetization measurements on a range of substrates as reported in [19] . This ferromagnetic contribution, measured at 200 K, was subtracted from all hysteresis loops. We did not attempt, however, to correct for the paramagnetic contribution of the SrTiO 3 substrate, since the substrate-to-substrate variations were too large [19] . In general the concentration of paramagnetic impurities in SrTiO 3 was small and the paramagnetic upturn at low temperatures was negligible for all samples except for the 2 unit cell thick SRO film F2. Figure 1 shows θ -2θ scans of the superlattices around the (001) reflection of the STO substrates. For all superlattices satellite reflections at least up to the second order were seen. From the position of the satellite peaks the bilayer thickness t B was determined as listed in table 1. These values are in good agreement with layer thicknesses as determined from the deposition time and verified by TEM analysis.
Results

Structural characterization
All samples were characterized by AFM measurements. Figure 2 shows selected AFM scans of SLs SL12/4 and SL3/3 as well as the single film F4. The superlattices showed step-flow growth with the vicinal terraces of the STO substrate clearly to be seen on the sample surface. On the SLs SL12/4 and SL3/3 adjacent terraces were separated by unit cell high steps. The thin films, however, have a different morphology. Although one-dimensional features running along the substrate's terraces show up on the film surface, these are not of unit cell height. As shown in figure 2(d) these features are better described as trenches. Films F4 and F2 with thicknesses of about 1.6 and 0.8 nm have trenches with typical depths of about 1 and 0.5 nm. This means that the trenches do not reach the substrate surface and that the films are continuous. However, they have some tendency towards one-dimensional structures with wire widths of about 200 (F4) and 160 nm (F2). One might therefore expect an in-plane anisotropy in both transport and magnetic properties, as will be discussed in later sections. The formation of the linear structures was attributed to a segregation of SrO and TiO 2 terminations on the SrTiO 3 surface [20] . Along the step edges of the TiO 2 terminated terraces, half-cell deep SrO terminated trenches are formed. Since the SRO wetting behaviour differs for the two surface terminations, the films grow preferentially on the terraces leaving trenches at the step edges [20] .
A plan-view TEM image of film F12 as well as larger scale HAADF-STEM images of the superlattices SL12/4 and SL3/3 are shown in figure 3 . The plan-view image in figure 3 (a) clearly shows the substrate terraces as a regular array of nearly vertical lines. The orthorhombic c-axis [001] o is parallel to the terraces. Moreover, in this image area of about 135 µm 2 three defects are visible as dark spots (close to the bottom right corner, near the left rim and above the '3'), i.e. defects occur in this film, but they are rare. Further TEM images of SRO thin films can be found in [21] . The HAADF-STEM images of the superlattices SL12/4 and SL3/3 in figures 3(b) and (c) show a regular layer structure on length scales of 100 and 25 nm, respectively. In SL3/3 a substrate deformation is seen close to the interface with the first SRO layer that propagates into the superlattice, but is then healed out. These overview images convey the impression that defects are comparatively rare in the samples.
High resolution HAADF-STEM micrographs of the SLs SL3/3 and SL12/4 are shown in figure 4 . The interfaces between the SRO and STO layers were coherent, see also comparable La 0.7 Sr 0.3 MnO 3 /SRO superlattices [22] [23] [24] . The cations could be identified from the HAADF-STEM contrast such that the SRO and STO layers could be assigned; in figure 4(a) some ionic positions are indicated. Sometimes Ru and Ti columns cannot be easily distinguished, indicating some degree of Ru/Ti intermixing. From the EDX maps and line scans in figure 4 , it is evident that down to a layer thickness of 2 unit cells the layers retain a clear SrRuO 3 or SrTiO 3 character. There might, however, be some Ru/Ti intermixing on a length scale of about 0.6 nm, including a possible small beam broadening, as can be seen in the EDX line scan in figure 4(b). This intermixing might influence the existence of interfacial magnetic states and especially the formation of an electron gas at the SRO/STO interface. Indeed, in the case of the La 0.7 Sr 0.3 MnO 3 /SRO interface, Ru/Mn intermixing leads to a strong suppression of the Ru magnetic moment [18] . Furthermore, interface roughness leads to a suppression of the Mn magnetic moment in LaMnO 3 /SrMnO 3 superlattices, whereas sharp interfaces lead to an enhanced interfacial Mn magnetic moment [25, 26] . To our knowledge, there are no studies of the influence of intermixing on the magnetic properties of SRO/STO interfaces; note, however, that the present experimental interfaces are not identical to the sharp interfaces considered theoretically [10, 11] and might affect the magnetic behaviour.
Magnetic properties
The magnetic moment versus temperature curves of superlattice SL3/3 and thin films F4 and F2 are shown in figure 5. Measurements were made in an applied field of 0.1 T on field cooling (FCC) from 200 K and in remanence (REM) after removing the applied field at 5 K. The 4 unit cell thick film has a rather high Curie temperature of about 135 K and a bulk-like temperature dependence of the magnetic moment.
There is a large anisotropy between the [110] and [001] directions, with the latter clearly being a hard axis. Since the field cooled and remanent magnetization nearly agree along the [110] direction, one might conclude that the surface normal is close to the easy axis as also found in thicker SRO films [21, 27] . The magnetic moment versus temperature curves for the superlattice SL3/3 are rather similar, albeit with a much more gradual temperature dependence. The magnetocrystalline anisotropy of this sample is the same as that of the 4 unit cell thick film. The crystalline symmetry of the samples will be further discussed in sections 3.3.2 and 3.3.3. Here we just want to point out that all of the SRO layers have orthorhombic symmetry-except for superlattice SL3/3 which has tetragonal symmetry. The possible orientations of the orthogonal and tetragonal cells with respect to the cubic STO cell are shown in figure 5 ( [29] . Accordingly, the magnetization data of SL3/3 in figures 5(a) and 6(a) are indexed within a tetragonal cell, whereas the corresponding data for the thin film F4 are indexed within an orthorhombic cell.
The 2 unit cell thick SRO film F2 shown in figure 5 (c) has a very weak signal due to the smaller volume, but also due to the weakening of the ferromagnetic order, and it is difficult to separate this signal from the substrate signal. Therefore only the remanent magnetization is shown in figure 5(c) . The in-plane remanent magnetization shows an upturn below 50 K indicating some ferromagnetic order at low temperatures. In contrast to film F4, the magnetocrystalline anisotropy is modified by the thickness reduction, with the easy axis moving from the out-of-plane direction for the 4 unit cell to an in-plane direction for the 2 unit cell thick film.
The magnetic moment versus magnetic field curves of SRO film F4 and superlattice SL3/3 are shown in figures 6(a) and (b). At 10 K both samples have a rather large coercivity, 1.75 T for sample F4 and 0.75 T for sample SL3/3, in agreement with the large magnetocrystalline anisotropy of SRO [21, [30] [31] [32] . The saturation magnetic moments of both samples are considerably reduced with respect to the bulk magnetic moment of 1.6 µ B /Ru [33] . This might be attributed to a reduced Ru magnetic moment at the SRO/STO interface. Such a reduction might be understood within two scenarios: in the first, the magnetic moment is quenched just by the presence of the interface, in the second, as suggested by Xia et al [13] , the Ru spins at the interface order antiferromagnetically. It is impossible to determine from our global magnetization measurements which scenario holds, since both effectively remove the contribution of the interfacial Ru magnetic moments to the measured magnetization. In the case of superlattice SL12/4 this would amount to a reduction of the average magnetic moment to a value of 10/12 of the bulk moment and in the case of SL3/3 even to a value of 1/3 of the bulk magnetic moment. If we regard the magnetic moment of 1.9 µ B measured for the 40 nm thick film F100 as bulk value, than we would estimate magnetic moment values of 1.6, 1.3 and 0.6 µ B for superlattices SL12/4, SL6/9 and SL3/3, just on the basis of these reduction factors. These values are in good agreement with the measured values for the superlattices, see table 1. In the case of the thin films, the measured magnetic moments are in a slightly worse agreement with this scenario; this indicates that also the SRO-vacuum interface is magnetically reconstructed; for oxygen controlled SRO surface reconstructions see also [34, 35] . The shape of the magnetization loops reported here is in good agreement with polar Kerr effect loops reported by Xia et al [13] , but not with the hysteresis loops measured on 1 unit cell thick SRO/STO superlattices by Gu et al [12] which are more reminiscent of background hysteresis loops from the substrates [19] . The latter discrepancy may be related to a modified anisotropy for very small SRO layer thicknesses as observed in film F2. Figure 7 shows the Curie temperature, the low temperature magnetic moment as well as the magnetization anisotropy between easy and hard axes, M op /M ip , as a function of film or layer thickness. The Curie temperature decreases with decreasing layer thickness as expected from finite size scaling [36, 37] . Similar trends were observed in SRO/STO superlattices [38] as well as in thin films [13, 39] . In view of the limited number of data points we did not attempt to determine the critical exponent. It is clear from figure 7 (a) that a strong downturn in Curie temperature starts at a thickness of about 3 unit cells. The saturation magnetic moment shows the same trend as a function of layer thickness as the Curie temperature, see figure 7(b). Note that the 40 nm thick film has a saturation moment of 1.9 µ B /Ru, considerably higher than the bulk magnetic moment of 1.6 µ B /Ru [33] . Such an enhancement of the magnetic moment has been reported before by Grutter et al [40] , where also magnetic moments up to 2 µ B /Ru were observed in SRO films on STO (001); the enhancement is even higher in SRO films grown on STO (110) and (111) substrates [40] . The magnetic moment enhancement was attributed to the stabilization of a Ru 4+ high-spin state by the substrate induced strain [41] . The anisotropy ratios of the magnetization shown in figure 7(c) were determined from measurements of the remanent magnetization as a function of temperature after field cooling in a field of 0.1 T. The anisotropy increase with reduced film thickness might be attributed to magnetostriction, see the discussion below. The in-plane resistivity of the samples is anisotropic, see [21, 42] [21] . The main contribution to the resistivity anisotropy, however, is due to the growth anisotropy as discussed in section 3.1 and elsewhere [42] . Here we focus on a comparison of the resistivity of the films and superlattices; to this end the smaller resistivity value for each sample is shown as a function of temperature in figure 8 . Both thin films and superlattices show the same trend: the resistivity of the SRO layers (films) changes from metallic to non-metallic below a thickness of about 4 unit cells. Whereas the room temperature resistivity of all samples is not very different, the resistivity of the 2 unit cell thick film increases by three orders of magnitude on cooling down to 10 K. This film follows a variable-range hopping law between 20 and 300 K, see inset to figure 8. The overall resistivity phenomenology of these samples is in good agreement with the results reported in [13] and is similar to the behaviour of SrRuO 3 layers in superlattices with LaAlO 3 [43] .
Magnetoresistance.
The magnetoresistance of the 4 and 2 unit cell thick films as well as superlattice SL3/3 is shown in figure 9 . The magnetic field was applied perpendicular to the sample plane, the current was in-plane along the [110] o resp. [110] t direction. The magnetoresistance hysteresis at low temperatures shows the typical butterfly loop characteristic of ferromagnets. Therefore we identify the magnetoresistance mechanism as anisotropic magnetoresistance [44] ; this is consistent with the comparatively large values of the resistivity, see figure 8 , which preclude the observation of Lorentz magnetoresistance. In agreement with the measured values of the Curie temperature, see table 1, magnetic hysteresis is seen in the magnetoresistance of film F4 at 10, 50 and 100 K and of superlattice SL3/3 at 10 and 50 K (the latter hysteresis seen only after magnification). The magnetoresistance of film F2 is, within measurement uncertainty, non-hysteretic at temperatures of 30 K and above; the curve shape, however, is not fully parabolic, therefore it is not possible to exclude ferromagnetic order in this film. At 8 T and low temperatures the magnetoresistance of the superlattice SL3/3 is much larger than that of the thin film F4. Although this might be related to the change in crystalline symmetry from orthorhombic to tetragonal, one has to stress that the absolute value of the magnetoresistance strongly depends on the value of the residual resistivity and the transport processes contributing to the latter. Since the magnetoresistance observed in tetragonal SRO thin films was rather small [45] , a correlation between the size of the magnetoresistance and the crystalline symmetry cannot be confirmed. Figure 10 shows the angular magnetoresistance of superlattice SL3/3 in a magnetic field of 8 T. The latter was rotated within the (110) t and (110) t planes; in both cases the current was applied along the [110] t and [110] t directions. Measurements were done between 10 and 100 K. The magnetoresistance curves evolved continuously between the 10 and 100 K curves shown in figure 10 . Following the analysis in [21, 29] , one might infer the crystalline symmetry of the superlattice from the symmetry of the magnetoresistance. The most striking feature of the data is the similarity of the magnetoresistance curves for rotation around the We do not wish to embark on an extensive fitting of the magnetoresistance data. We note that the magnetoresistance curves at 10 K have a cusp at 90 • , i.e. when the magnetic field is rotated through the superlattice plane. This indicates that a magnetic hard axis is located along these directions. Indeed, this feature of the magnetoresistance curves might be understood within a model of magnetization rotation in a ferromagnet with uniaxial anisotropy energy
with θ being the angle between the magnetization vector and the surface normal and K u > 0 denoting the uniaxial magnetocrystalline constant. Taking the Zeeman energy into account, the total energy is given by
with the saturation magnetization M S ; µ 0 denotes the vacuum permittivity. The latter equation was minimized with respect to the magnetization angle at a given angle F between the magnetic field and the surface normal. For the magnetoresistance an angle dependence proportional to cos 2 was used. This yields the solid red lines shown in figure 10 . These capture the behaviour of the magnetoresistance for angles close to the superlattice plane quite well. The only parameter within this model is the anisotropy field µ 0 H A = 2K u /M S which is obtained as 6 T at 10 K and 1 T at 100 K for superlattice SL3/3. The corresponding angular magnetoresistance curves of film F4 are similar to the angular magnetoresistance of the superlattice and are not shown here. Fitting the model to the magnetoresistance of film F4 yielded anisotropy fields of µ 0 H A = 6 T at 100 K and 1.3 T at 150 K; these are considerably larger than the values of superlattice SL3/3. The strong increase of the magnetic anisotropy might be related to magnetostriction. If the SRO films or layers are regarded to be pseudocubic with a lattice constant a SRO = 0.393 nm, then the enhancement of the anisotropy field due to magnetostriction is given by [47] 
with the magnetostriction coefficient λ 100 , the saturation magnetization µ 0 M S 0.3 T, the elastic moduli [48] c 11 = 252 GPa and c 12 = 132 GPa and the strain . In the case of the 4 unit cell thick film at 100 K we might estimate µ 0 H A = 6 T. Under the assumption that this film is fully strained, = (a SRO −a STO )/a SRO = 0.006, the magnetostriction coefficient is estimated as λ 100 = 1.4 × 10 −4 . This value is somewhat smaller than the magnetostriction estimated by Dabrowski et al [49] , but is about a factor of 3-4 larger than λ 100 of the manganites [47] .
Hall effect.
The Hall resistivity ρ yx of SRO films F4 and F2 as well as superlattices SL6/9 and SL3/3 had an anomalous contribution, related to the magnetization at low magnetic fields, before crossing over to a contribution linear in applied field that we identify as the ordinary Hall effect, see also [42] :
where M denotes the magnetization component perpendicular to the sample plane and R H and R A are the ordinary and anomalous Hall coefficients. For all samples the high field slope is negative, i.e. electron conduction prevails as is known for SrRuO 3 [33, [50] [51] [52] . The anomalous Hall constant of samples F4, F2 and SL6/9 is negative in agreement with measurements on orthorhombic SRO films [45, [52] [53] [54] [55] . The anomalous Hall constant of superlattice SL3/3, however, is positive. Since the sign of the anomalous Hall effect depends sensitively on the crystalline symmetry [45, 46, 56, 57] , this is clear evidence that the SRO layers in superlattice SL3/3 have tetragonal symmetry. This is consistent with the conclusion from the angular magnetoresistance measurements discussed above. Since the SRO film F2 shows an anomalous Hall effect at 50 K, we might further conclude that this film is ferromagnetic at low temperatures; we could not, however, determine the Curie temperature of this film. It was already shown in [42] that the Hall resistivity ρ yx versus magnetic field curves of the thicker superlattices neatly follow equation (4), when the measured magnetization is used for M. In superlattice SL3/3, however, there are significant deviations between the field dependence of the Hall resistivity and the measured magnetization [42] . This has been also observed in Pr 0.7 Ca 0.3 MnO 3 /SrRuO 3 superlattices [56] , and might be attributed to the magnetic interlayer coupling. The anomalous Hall constant ρ yx,A was determined by extrapolation of the ordinary Hall effect to zero field. The corresponding values for ρ yx,A are presented in figure 11(a) for the films and superlattices. Although there is some sampleto-sample variation, the anomalous Hall contribution of the samples with orthorhombic SRO layers follows the typical temperature dependence, being negative at low temperatures and turning positive somewhere between 100 and 150 K [45, 51, 52, [58] [59] [60] . At higher temperatures ρ xy,A = µ 0 R A M vanishes, since the extrapolated value of the magnetization vanishes above the Curie temperature [61] . In contrast, the anomalous Hall contribution of superlattice SL3/3 is positive throughout the measured temperature range in agreement with the results on a tetragonal SRO film [45] . The carrier density as calculated from a one band model, n = −1/(eR H ), is shown in figure 11 (b) as a function of temperature. Deep within the ferromagnetic phase the carrier density is temperature independent within experimental uncertainty in the range-with some sample-to-sample variation-of 1±0.5 electrons per unit cell. This value is consistent with literature values [56, 62] .
Discussion and conclusions
In this work a thorough study of the structural, magnetic, magnetoresistance and Hall effect properties of SrRuO 3 films and SrRuO 3 /SrTiO 3 superlattices was presented. This study was driven by the theoretical prediction of the emergence of a spin-polarized electron gas at the SRO/STO interface [10, 11] . The growth conditions of SRO on STO had been optimized [63] and HAADF-STEM images showed coherent interfaces. However, a certain degree of Ru/Ti intermixing on a length scale of 1-1.5 unit cells could not be excluded. The crystalline symmetry of the SRO layers was indirectly inferred from angle dependent magnetoresistance measurements as well as from the sign of the anomalous Hall effect. Both techniques indicate that the SRO films as well as superlattices with thicker SRO layers had orthorhombic symmetry; the superlattice SL3/3 with layers of three pseudocubic unit cells each, however, had tetragonal symmetry. This might be related to an odd/even effect: multiples of a [110] o oriented SRO orthorhombic cell do fit in two or four pseudocubic layers, but not in three.
In single films ferromagnetic order was verified by magnetization measurements and the presence of the anomalous Hall effect down to a film thickness of 2 unit cells. In the case of the superlattices, clear ferromagnetic order with a Curie temperature of 85 K was found for SrRuO 3 layers with a thickness of 3 unit cells. Compared to thick SRO films the thin SRO layers show three differences in their magnetic properties: (1) the Curie temperature and (2) the average magnetic moment per Ru ion strongly decrease below a layer thickness of about 4 unit cells; (3) the magnetocrystalline anisotropy strongly increases with the out-of-plane direction being magnetically easy. The first observation is related to a finite size effect and the latter to magnetostriction; both effects are common in thin magnetic films. The decrease of the magnetic moment can be very well explained by assuming non-ferromagnetic interfacial SRO layers of unit cell thickness. This indicates the absence of a spin-polarized interfacial electron gas. The latter conclusion is confirmed by the absence of any signatures of interfacial conduction. In contrast, resistivity measurements showed a crossover from metallic to insulating behaviour on reduction of the SrRuO 3 layer thickness with a critical thicknesses of 3 unit cells.
In conclusion, the samples do not show a ferromagnetic interfacial state. Whether this is related to the observed Ru/Ti intermixing or is intrinsic to the SRO/STO interface has to be clarified by further studies.
